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ABSTRACT 
In recent years, solar photovoltaic (PV) industry has seen lots of improvements in 
technology and of growth in market with crystalline silicon PV modules being the most 
widely used technology. Plant inspections are gaining much importance to identify and 
quantitatively determine the impacts of various visual defects on performance. There are 
about 86 different types of defects found in the PV modules installed in various climates 
and most of them can be visually observed. However, a quantitative determination of 
impact or risk of each of identified defect on performance is challenging. Thus, it is utmost 
important to quantify the risk for each of the visual defects without any human subjectivity. 
The best way to quantify the risk of each defect is to perform current-voltage measurements 
of the defective modules installed in the plant but it requires disruption of plant operation, 
expensive measuring equipment and intensive human resources. One of the most riskiest 
and dominant visual defects is encapsulant browning which affects the PV module 
performance in the form of current degradation. The present study deals with developing 
an automated image processing tool which can address the issues of human subjectivity on 
browning level impacting performance. The image processing tool developed in this work 
can be directly used to quantify the impact of browning on performance without intrusively 
disconnecting the modules from the plant. In this work, the quantified browning level 
impact on performance has also been experimentally validated through a correlation study 
using short-circuit current and reflectance/transmittance measurements of browned PV 
modules retrieved from aged plants/systems installed in diverse climatic conditions. The 
primary goal of the image processing tool developed in this work is to determine the 
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performance impact of encapsulant browning without interrupting the plant operation for 
I-V measurements. The use of image processing tool provides a single numerical value, 
called browning index (BI), which can accurately quantify browning levels on modules 
and also correlate with the performance and reflectance/transmittance parameters of the 
modules.  
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CHAPTER 1 
1 INTRODUCTION 
1.1 Background  
Solar Photovoltaics (PV) is one of the most quickly growing form of alternative 
energy solution to tackle the issues of climate change, global warming, fossil fuel crisis 
and others. In the last decade, the amount of solar PV installations have increased by huge 
numbers. Thus, the reliability check of solar PV modules by timely plant inspections are 
gaining much importance. As, solar PV power plants span huge areas and consists of 
billions of modules, it is very important to develop methods in which the modules 
inspection can be carried out with high accuracy. There are many factors which affects the 
results of plant inspections, namely, man power, climate, finance, human subjectiveness 
and measurement techniques. The present solar industry majorly uses statistical analysis 
for evaluating a PV power plant. There are quite some drone methods being developed for 
power plant inspections as they have the benefits of fast maneuver, and huge sight span. 
These inspections are mostly for detection of degradation modes and not for quantifying 
most of the observed degradation modes. Thus, it is very important to develop methods 
with which the degradation modes can be quantified. There are many degradation that have 
been observed in PV module technologies. Appendix A gives an idea of all the observed 
degradations, methods for degradations detection, and the affected performance 
parameters. The NREL Visual inspection spreadsheet is a way to identify the degradations, 
which to some extent tries to quantify degradation modes into different ranges by using 
human perception [1]. This method is very subjective as it differs from person to person, 
and is also a tedious task when considering billions of modules in a power plant. Thus, 
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developing a tool which quantifies these degradation modes is very much important for the 
booming solar industry. 
1.2 Statement of the Problem 
The main objective of this study is to develop a tool based on MATLAB, which 
uses image processing techniques to accurately detect and quantify different levels of 
encapsulant browning on the fielded modules. The study uses 21 Modules stressed in 
Arizona for 18 years and 3 Modules stressed in Mexico for 18 years. The images of 
modules were clicked at different angles, different time of the day and at different 
irradiance levels. The tool uses 2 different color systems (HSI, HSV) for processing, which 
are close to the way in which human perceive colors. The results obtained with the tool has 
been compared and analyzed with the data from light IV’s, dark IV’s and Reflectance 
measurements.  
1.3 Scope of the Project 
The scope of the study is as shown in fig 1. The study intends to completely 
automize visual inspection of modules using a tool developed based upon image 
processing, which eliminates subjectiveness present in human measurements, and to 
quantify the degradations. The present study focuses on one of the major degradation mode, 
encapsulant browning. 
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Figure 1 Scope of the Project 
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CHAPTER 2 
2 LITERATURE REVIEW 
2.1 Encapsulant 
 Encapsulant is used to provide adhesion between the solar cells, the top surface and 
the rear surface of the PV module as shown in fig 2. Encapsulant should be stable at 
elevated temperatures and high UV exposure. It should also be optically transparent and 
should have a low thermal resistance. EVA (ethyl vinyl acetate) is the most commonly 
used encapsulant material. EVA comes in thin sheets which are inserted between the solar 
cells, the top and rear surfaces. This sandwich is then heated to 150 °C to polymerize the 
EVA and bond the module together [2]. 
 
Figure 2 Module Layout [3] 
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Fig 3 describes which type of encapsulant degradations can affect the performance of the 
module and describes the environmental factors responsible these degradations. 
 
Figure 3 Encapsulant Degradations and the Factors for Degradations 
The short circuit current (Isc) is affected when there are degradations concerned with 
encapsulant. The two major degradations concerned with encapsulant are: 
1) Encapsulant browning, and 2) Encapsulant delamination. 
2.1.1 Encapsulant Browning 
The changes in EVA encapsulant in PV modules could result in an increase of copolymer 
cross-linking, a large decrease in UV absorbing additives concentration, the production of 
acetic acid, and a yellow to dark brown color. The browning of encapsulant is typically 
attributed to the changes in the UV absorber additives/concentration but some literature 
attributes this browning effect to the formation of polyenes of polymers of various lengths 
[4]. 
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2.1.2 Encapsulant Delamination 
The encapsulant delamination is due to the module exposure to the UV radiation, high 
temperature and humidity in the environment. Delamination is defined as the breakdown 
of the bonds between material layers that constitute a module laminate. Front-side 
delamination causes optical decoupling of materials that transmit sunlight to the cells, 
resulting in current and power degradations. It also increases the possibility of reverse-bias 
cell heating or triggering of bypass diodes. Higher cell operating temperatures of modules 
cause performance degradation [5]. 
2.2 Color Systems 
A pixel is the smallest component of the image. An image is an assembly of huge number 
of pixels as seen in fig 4. 
A pixel stores the information about color. For storing color details, the number of values 
stored in the pixel depends on the type of color system used to nomenclature the color.  
The RGB (Red Green Blue) color system is the default color system. In this color model, 
a pixel stores an array with 3 values representing the Red, Green and Blue components of 
the pixel. Table 1 gives an idea of major color systems present. 
Figure 4 Image with Clear Pixel Boundaries [13] 
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Model  Parameters  Effective 
Parameter 
Advantages Disadvantages 
Munsell Value, Hue, 
and Saturation 
H (1) Due to its nature, the 
boundary is not restricted, 
and differences of the 
color are regular. 
(1) Highly interpolated causes 
erroneous.  
(2) Not suitable for some 
applications. 
RGB Red, Green, 
Blue. 
R, G, B (1) No transformations 
required to display 
information on the screen. 
(2) Considered as 
computationally practical 
system. 
(1) Non useful for objects 
specification and recognition of 
colors. 
(2) Difficult to determine 
specific color in RGB model. 
(3) RGB reflects the use of 
CRTs, since it is hardware 
oriented system. 
CIE 
XYZ 
Y lightness, X 
and Z are 
color 
information 
Y (1) Used for mixing color 
by transform 
representation.  
(2) Perceived as uniform. 
(1) The model shape is difficult 
to visualize.  
(2) Device independent. 
HSL/ 
HSI 
Hue, 
Saturation, 
Lightness/ 
Hue, 
Saturation, 
Intensity 
L/ I (1) Preferable for users 
view since the components 
are correlated better with 
human perception of color.  
(2) The chrominance 
components (H and S) are 
associated with the way 
humans perceive, it 
became perfect for image 
processing applications.  
(3) The (Hue) component 
can be used for performing 
segmentation process 
rather than the three 
components which fasts 
the algorithm.  
(4) Separate the chromatic 
from achromatic values. 
(1) Undefined achromatic hue 
points are sensitive to value 
deviations of RGB and 
instability of hue, because of 
the angular nature of the 
feature.  
(2) Does not supply with 
insight for color manipulation.  
(3) Not uniform 
HSV Hue, 
Saturation, 
Value 
V (1) HSV colors defined 
easily by human 
perception not like RGB or 
CMYK. 
(1)Undefined achromatic hue 
points are sensitive to value 
deviations of RGB and 
instability of hue, because of 
the angular nature of the 
feature 
YUV Y luminance, 
and (U and V) 
are the 
chrominance 
L (1) The ability to decouple 
the luminance and color 
information. 
(1) The color range is restricted 
in the color TV images because 
of the information compression 
required for the displayed 
image.  
Table 1 Color Model with Their Important Parameters and Their Advantages and 
Disadvantages [6] 
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From table 1, it has been observed that HSI, HSV color system/ models are close to the 
human perception and would help in dealing with the present study. 
2.3 HSV Color System 
HSV (hue, saturation, value) is one of several color systems used to select colors from a 
color wheel or palette. This color system is considerably closer than the RGB system to the 
way in which humans experience and describe color sensation. In artist’s terminology, hue, 
saturation, and value refer approximately to tint, shade, and tone [7].  
The HSV color representation is shown in the fig 5. The conversion from RGB model to 
HSV model is given by the following formulas [7]. 
Let, 
M = max(R, G, B), m = min(R, G, B)  
[Normalized the RGB values to be in the range [0, 1]] 
    r = (M-R)/ (M-m) 
g = (M-G)/ (M-m)  
b = (M-B)/ (M-m) 
To calculate Value (V): 
V = max(R, G, B) 
To calculate Saturation (S): 
If M = 0 then S = 0 and H = 180 degrees  
Figure 5 HSV Color System/ Model [6] 
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If M <> 0 then S = (M - m) / M  
To calculate Hue (H): 
If R = M then H = 60(b-g)  
If G = M then H = 60(2+r-b)  
If B = M then H = 60(4+g-r) 
If H >= 360 then H = H - 360  
If H < 0 then H = H + 360 
Where H in the range [0,360], S and V in the range [0,100]. 
2.4 HSI Color System 
HSI and HSV color spaces are nearly similar except that HSI assigns the high color values 
for colors that approaching to the white color with a bounded saturation. This property 
would increase the complication degree of the model. Its focus is on presenting colors that 
are meaningful when interpreted in terms of a color artist’s palette. 
 HSI (hue, saturation, intensity) color space decouples the intensity component from 
the color carrying information (hue and saturation) in a color image. As a result, the HSI 
model is an ideal tool for developing image-processing algorithms based on color 
descriptions that are natural and intuitive to humans who, after all, are the developers and 
users of these algorithms [7]. 
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The HSI color representation is shown in the fig 6. The conversion from HSI model 
to RGB model is given by the following formulas [7]. 
To calculate Hue (H): 
 H = Theta    if B<=G 
      = 360 – Theta   if B>G 














 
2
1
2
1
)])(()[(
)]()[(
2
1
cos
BGBRGR
BRGR
Theta  
To calculate Saturation (S): 
 ),,min(
)(
3
1 BGR
GBR
S

  
To calculate Intensity (I):  
)(
3
1
BGRI   
2.5 Aliasing and Moiré Patterns 
Every camera at any particular setting has a particular Sampling resolution/ Sampling rate. 
Sampling rate in images is the number of samples taken (in both spatial directions) per unit 
distance. 
The Shannon sampling theorem states that, if a function is sampled at a rate equal to or 
greater than twice of its highest frequency, it is possible to recover completely the original 
function from its samples. If the function is under sampled, then a phenomenon called 
Figure [5]: HSI Color System/ Model Figure 6 HSI Color System/ Model [14] 
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aliasing corrupts the sampled image. The principal approach of reducing the aliasing effects 
on an image is to reduce its high-frequency components by blurring the image prior to 
sampling. However, aliasing is always present in a sampled image. The effect of aliased 
frequencies can be seen under the right conditions in the form of so-called moiré patterns 
[8]. Moiré patterns are as observed in the fig 7. 
 
Figure 7 Moiré Patterns Observed On Module Image 
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CHAPTER 3 
3 METHODOLOGY 
3.1 Modules 
The 21 M55 modules exposed for 18 years in hot-dry climate of Arizona, and 2 M65 and 
1 M75 modules exposed for 23 years in Mexico, have been are properly cleaned and wiped 
such that there is no dirt on the Modules are used for the present study. 
3.2 Visual Inspection 
The initial Visual inspection of modules was necessary to select the modules with all 
components perfectly functioning, so that all tests could be performed. Modules with any 
missing junction box or with any other major problems have been bared for this study. 
3.3 Light Current-Voltage (I-V) Measurements 
The light I-V curves of modules provide the information related to the module performance 
parameters. The IV data was collected using a Daystar’s DS-100C I-V curve tracer with 
the help of IVPC 3.0 software under natural sunlight. One monocrystalline and one 
polycrystalline silicon reference cells were used during data collection to ensure the 
accuracy of irradiance measurements through redundant irradiance sensors. A T-type 
thermocouple was attached to the center of each module to monitor the temperature of the 
module and an additional thermocouple was used to measure the ambient temperature. 
Based on the I-V data and the number of years of field exposure, the degradation rates of 
individual modules, and temperature coefficients of the modules were calculated. All I-V 
measurements were taken at an irradiance of above 800W/m2. 
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3.4 Data Translation Using ASU-PRL Method 
The formation of a step in an IV curve of a field aged module may be due to the presence 
of encapsulant delamination, which causes cell mismatch in the module. Effect of which 
may be seen on an IV curve as shown in the fig 8. PRL Method of interpolation of IV data 
to STC conditions has been used. PRL method uses interpolation technique instead of 
translation technique as used by IVPC method. Thus, reducing the translation errors. 
 
Figure 8 IV Curve with A Mismatch Error (Module Serial No: 4195, AZ, 18 Years) 
3.5 Dark I-V (D-I-V) 
The dark I-V measurements were carried out inside a dark chamber with controlled 
temperatures to obtain series and shunt resistances measurements. The module was placed 
with cells facing the floor of the chamber such that no light falls on the cells as shown in 
14 
  
the fig 9. A thermocouple was attached to the center of the module to track its temperature. 
A power source connected to module was used to vary the voltage across it. A heater placed 
inside the chamber was used to maintain the temperature under control. The observations 
in the variation of current and voltage was observed on a couple of multi-meters. The 
observations were noted and an excel template developed by ASU-PRL was used to obtain 
the series resistance. Dark I-V measurements serve as a valuable analysis tool for 
investigating diode properties of modules. 
 
Figure 9 Dark IV Measurement Technique 
3.6 Cell Level Reflectance Spectroscopy (C-RS) 
To measure the reflectance of different regions on the cells of the modules, ASD 
Spectroradiometer was used. A sample of 5 curves were taken at each point of observation. 
The data was processed using Viewspec pro software and Microsoft excel were used to 
plot graphs and perform other calculations. The present study requires to produce a single 
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value, Reflectance Index, which could be compared with the Browning Index that was 
generated using the developed MATLAB tool for quantifying browning. 
All five methods of quantifying reflectance graphs for browning were developed along the 
course of the project (Appendix B). 
After 1512 iterations of reflectance measurements on various modules and considering 
only two positions on the cell as shown in the fig 10, a clear pattern in the graphs that varies 
with the variation in browning level was observed in the spectral region of 390 – 640 nm 
on the graph as shown in the fig 11-12. It has been observed that browning is most related 
to the slope of the line that was formed by joining 2 regions as shown in the fig 13. 
 
Figure 10 Two Positions on the Cell for Reflectance Measurements 
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Figure 11 Cell Center Reflectance (AZ, Module Serial No: 4068, Age – 18 Years) 
 
Figure 12 Cell Edge Reflectance (AZ, Module Serial No: 4068, Age – 18 Years) 
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Figure 13 Two Regions of Reflectance Graphs Affected By Browning 
The following 5 methods for calculating reflectance index have been considered for this 
study. The methods are as follows (see Appendix B for details): 
 601-700 nm method [9] 
Slope Method 
 Max Slope Method 
 Fixed Slope Method 
Point Method 
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 Max Point Method 
 Fixed Point Method. 
3.7 Images for Browning Analysis 
The Images for processing were captured by placing the module on a one axis tracker and 
camera was adjusted such that, there was uniform illumination on the cell with no glare or 
reflection on the cell as viewed by the lens of the camera. The pictures were taken using a 
normal cell phone camera (13 MP) and 24 MP DSLR camera during bright sunny time of 
the days. After multiple iterations of taking pictures, it has been found that images were 
good when the camera is, in a position normal to the plane of the module, or horizontal to 
the ground or anywhere in between the aforementioned positions as shown in the fig 14. 
 
Figure 14 Position of Camera for Good Images 
3.8 Tool Development – Cells Only Image 
Fig 15 shows the input raw image for the developed tool. The tool in its first part of the 
program applies image processing tools and develops a cropped module image with only 
cell regions as shown in the fig 16. The cropped module image refined to have only cell 
regions is used for analyzing the browning level in the module. 
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Figure 15 Raw Input Image 
 
Figure 16 Final Cropped Module Image with Only Cell Regions 
3.8.1 Thresholding Function 
The raw input image as seen in fig 15 is subjected to thresholding condition, which based 
on the input Module Detection Factor (MDF) assigns either zero or one to each and every 
pixel. Zero stands for black pixel and one stands for white pixel. The usual range for MDF 
is [-50, 150]. The resultant raw image is as shown in the fig 17. 
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Figure 17 Thresholding Function – Binary Raw Image. 
3.8.2 Function – Imfill  
The binary raw image developed after applying thresholding function is then subjected to 
‘imfill’ function, an inbuilt function of MATLAB which converts all the black patches 
surrounded by white pixels on all sides into white patches as shown in the fig 18. 
The exception to this conversion is the black patches which are surrounded by white pixels, 
but lies on the edges of the image. 
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Figure 18 Binary Raw Image After Imfill Function. 
3.8.3 Filtering Image 
The developed binary raw image as seen in the fig 18 has various objects detected which 
appear in the form of white patches. It is important to detect only the module and neglect 
the rest of the objects. The Relative Size Factor (RSF) is used to remove all the remaining 
objects by converting them into black pixels. The RSF lies in the range of [0, 1]. The binary 
raw image after filtering is as shown in the fig 19. 
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Figure 19 Binary Raw Image After Filtering. 
3.8.4 Cropping Image 
The module boundary is clearly detected as seen in the fig 19, the developed binary raw 
image and the original image are morphed and most of the black pixel region in the image 
is cropped to get a cropped module image as shown in the fig 20. 
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Figure 20 Cropped Module Image 
3.8.5 Cropped Module Image with Cell Region Only 
The cropped module image as seen in the fig 20 contains materials such as, module frame, 
back sheet, fingers, and inter connects which are not considered for browning level 
analysis. A cell isolation factor of 150 is used to get rid of these irrelevant materials. The 
cell isolation factor is a fixed numerical factor which has been experimentally fixed. The 
effect of cell isolation factor is that all the pixels with at least two of the R, G, or B values 
is greater than or equal to 150 are converted into black pixels. The developed image is as 
shown in the fig 21. The image developed is the image which has been used for browning 
level analysis. 
 
Figure 21 Cell Only Cropped Module Image. 
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3.9 Color Palette  
As discussed in the sections 2.2 - 2.4, HSV or HSI color systems/ models are used in 
processing of the image for calculating the Browning Index. As there can be infinite 
numbers of different colors possible. It is required to divide the whole color space in 
different regions, such that the color space falls in “n” different bins represented by “n” 
different colors. Thus, we have a color palette with “n” colors which can be used for 
processing.  
3.10 Pixel Weight 
The color palette only describes the number of colors/ bins available but does not give any 
information about the quality of browning of a specific bin/ color. Pixel weights are random 
logical numbers assigned to every color/ bin in the color palette which describes the quality 
of browning. The higher the pixel weight, higher the level of browning represented by the 
color. 
3.11 Pixel Count 
The pixel count refers to the number of pixels that fall in a specific bin out of the total 
number of pixels available in the image. Pixel count are obtained by using the histogram 
plot an image component as shown in the fig 22.  
25 
  
 
Figure 22 Histogram Plot Based Upon V Component Of Processed HSV Image. 
3.12 Browning Index Calculation 
The browning index is calculated based on a simple formula as given by the Eq. 1. The 
equation depends on 2 parameters to calculate browning index, Pixel count and Pixel 
weight. 



countPixel
PixelPixel
BIindexBrowning
weight*count
)( ……………………….Eq. [1] 
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3.13 Flow Chart for MATLAB Tool Processing 
3.14 Browning Index at Reflectance Points 
Reflectance is measured using a contact probe with an aperture of 2 cm in diameter as 
shown in the fig 24. An area of 3.14 cm2 is covered by the probe while reflectance plot is 
being generated. The reflectance index calculated using the reflectance data should be 
correlated with the browning index calculated over the same amount of area in the same 
location of the corresponding cell image. 
Image Input 
Cropped Module (only cells) 
HSV Color Model 
Color Palette 
Pixel Count 
Browning Index Calculation 
BI 
Figure 23 MATLAB Flow Chart for Image Processing (First and Second Iteration – 
Module Level BI) 
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Figure 24 ASD Spectroradiometer Contact Probe 
3.15 Iterations 
Browning Index (BI) calculated is majorly dependent on the color palette and the pixel 
weights assigned for the color palette. Thus, to obtain the accurate BI values using the 
image processing tool, optimum color palette and pixel weights have to be obtained. 
In order to validate and optimize the tool, 4 iterations involving various developments 
have been considered. 
First Iteration:  3 Arizona and 3 Mexico modules 
Second Iteration:  21 M55 Arizona modules 
Third Iteration:  Removal of saturation of colors and Moiré patterns 
Fourth Iteration:  Cell level browning index calculation 
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3.15.1 First Iteration - 3 Arizona and 3 Mexico modules 
In the first iteration, 3 modules from each climate have been considered. The modules are 
shown in the fig 25-30. 
 
Figure 25 Module 1, 6 Years, MX 
 
Figure 26 Module 2, 18 Years, MX 
 
Figure 27 Module 3, 25 Years, MX 
 
Figure 28 Module 4, 18 Years, AZ 
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Figure 29 Module 5, 18 Years, AZ 
 
Figure 30 Module 6, 18 Years, AZ 
The performance measurements that have been observed are shown in table 2. 
First Iteration Rated information   
Module 
ID Serial No. Model 
Power 
(W) Isc  (A) 
Voc 
(V) I (A) V (V) FF (%) Place 
M1 SN828455 M75 48 3.35 19.8 3.02 15.9 72.393 MX 
M2 SN00142 M55 55 3.4 21.7 3.15 17.4 74.288 MX 
M3 SN01490 M75 48 3.35 19.8 3.02 15.9 72.393 MX 
M4 SN514171 M55 53 3.35 21.7 3.05 17.4 73.004 AZ 
M5 SN515188 M55 53 3.35 21.7 3.05 17.4 73.004 AZ 
M6 SN515369 M55 53 3.35 21.7 3.05 17.4 73.004 AZ 
Module 
ID Serial No. Age  Measured Data 
Rs 
(Ohms) 
M1 SN828455 6 42.18 3.1434 19.63 2.8208 14.953 68.34 0.765 
M2 SN00142 18 39.02 3.1488 21.436 2.6426 14.766 57.82 2.863 
M3 SN01490 25 37.84 3.034 20.012 2.653 14.262 62.34 1.342 
M4 SN514171 18 32.92 3.084 21.609 2.459 13.393 49.44 2.500 
M5 SN515188 18 35.46 3.0332 21.559 2.5172 14.085 54.18 2.892 
M6 SN515369 18 37.84 3.0906 21.926 2.6268 14.402 55.8 1.956 
Table 2 Performance Measurement of First Iteration Modules 
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First Iteration Color Palette: 
In first iteration, the color palette has been developed based on the Hue component of the 
HSV color system. The color palette consists of 8 different colors/ bins.   
 
Table 3 First Iteration Color Palette, Pixel Weights, and Color Coding 
3.15.2 Second Iteration - 21 M55 Arizona modules 
In second iteration, 21 M55 modules which have been field stressed for 18 years in Arizona 
have been considered. 
The rated specifications of all 21 modules are same and are as stated in table 4. 
The color palette from first iteration is used for the second iteration as shown in table 3. 
 
 
 
Table 4 Rated Specifications for AZ Modules 
The measured performance parameters are stated in table 5. 
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Table 5 Measured Performance Parameters of 21 AZ Modules, Age-18 Years 
The IV curves of 21 AZ modules are as shown in the fig 31. 
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Figure 31 IV Curves of 21 AZ Modules, Age – 18 Years 
The representative IV curves with different degradations are as shown in the fig 32. 
 
Figure 32 IV Curves for Different Combination of Degradations 
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In case of High series resistance, Isc is dependent on both series resistance and encapsulant 
browning. Similarly for Mismatch error, Isc is dependent on both encapsulant delamination 
and encapsulant browning. In the present study, the modules observed with high series 
resistance are as shown in table 6 and the corresponding IV curves are shown in the fig 33. 
Module  
Series 
Resistance 
4198 5.013 
4171 5.262 
4193 8.149 
Table 6 Modules with High Series Resistance among 21 AZ Modules, Age – 18 Years 
 
Figure 33 IV Curves with High Series Resistance among 21 AZ Modules, Age – 18 Years 
The module observed with Mismatch error are as stated in the table 7 and the corresponding 
IV curves are as shown in the fig 34. 
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Modules with Mismatch Error 
4135 
4195 
4140 
4216 
Table 7 Modules with Mismatch Error among 21 AZ Modules, Age - 18 Years 
 
Figure 34 IV Curves of Modules with Mismatch Error among 21 AZ Modules, Age – 18 
Years 
The performance of the remaining 14 modules solely depends upon the encapsulant 
browning present in the modules. Fig 35 shows IV curves of the modules which are only 
dependent upon encapsulant browning. 
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Figure 35 IV curves of modules with only encapsulant browning among 21 AZ modules, 
age – 18 years  
For the correlation of Browning Index (BI) with the performance parameters of the 
modules, the modules with only encapsulant browning are considered. The same is 
followed for the third and fourth iteration of the present study. 
3.15.3 Third Iteration - Removal of Saturation of colors, Moiré patternsBased on the results from 
the first and second iterations, 2 major problems affecting the browning index have been 
observed. The problems are as follows: 
1) Saturation of Colors 
2) Moiré patterns 
3.15.3.1 Saturation of Colors 
The problem arises due to presence of insufficient colors/ bins in the color palette. The 
insufficiency causes most shades of brown or browning intensities fall in the same bin of 
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the color palette. Thus, obstructing the tool to give a good representation of the original 
data. Fig 36 shows the various types of brown pixels on a cell region and fig 37 shows the 
pixels in the same region of a processed image. The observation clearly shows that there is 
insufficiency of colors/ bins in the color palette. 
  
Figure 36 Zoom In Image of Cell Region Showing Various Pixels 
 
Figure 37 Zoom In Image of the Processed Image of Fig 36 
In order to tackle this problem, HSV color system is chosen for the development of new 
and upgraded color palette. 
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Fig 38 shows an original image of a module and fig 39-41 represents the Hue, Saturation 
and Value components of the HSV image of the same module. 
 
Figure 38 Original Image of the Module 
 
Figure 39 Hue Component of the HSV Converted Original Image 
 
Figure 40 Saturation Component of the HSV Converted Original Image 
 
Figure 41 Value Component of the HSV Converted Original Image 
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As observed from the fig 39-41, browning can be clearly spotted using the components of 
the HSV model image. Fig 39 shows a clear distinction in between brown and blue cell 
region which is not observed in other components of the HSV image. Thus, Hue component 
can be used to locate the brown region on a cell/ module. 
In order to understand the variation in Hue component with variation in browning intensity, 
the cell level analysis is performed on both original image as shown in fig 42 and hue 
component of the HSV image as shown in the fig 43. 
 
Figure 42 Cell Only Image of a Cell of a Module 
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Figure 43 Cell Only Image – Hue Component of Original Image. 
Based on visual study performed on various modules, the variation in hue component with 
variations in browning intensities in the original image has been observed, the whole cell 
region can be divided into 4 regions. 
The 4 regions are as follows: 
1) Completely black (Hue = 0) 
Dead region, not considered for processing. 
2) Dark brown region (0 < Hue <= 0.18) 
A black patch that is observed at the center of the cell as seen in the fig 43. This 
region contains the darker brown intensities. 
3) Slight brown region (0.7 <= Hue <= 0.9999) 
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A bright patch that is observed around the dark black patch as seen in the fig 43. 
This region contains the developing brown intensities. 
4) Non brown region:  
Grey color pixels represents the blue color cell region. 
The hue component gives a way to distinguish between non brown and brown regions, but 
another way is required to subdivide the intensities of brown inside the dark brown and 
slight brown regions observed in the hue component image as seen in fig 43. 
Fig 44 shows the pixel level image of an original image. Fig 45-46 shows the pixel level 
image of value and saturation components of the image as seen in fig 44. 
 
Figure 44 Pixel Level Image of the Original Image of a Module. 
 
Figure 45 Pixel Level Image of Value Component of Fig 44. 
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Figure 46 Pixel Level Image of Saturation Component of Fig 44. 
In fig 44-46, it has been observed that the value component is more closely representing 
the intensities of brown pixels than the saturation component of the original image. 
Thus, value component has been observed to be following a pattern of varying in the range 
of (0 – 0.65]. The darker the brown pixel in the original image the lower the value 
component. 
The new color palette is developed based on hue and value components. Table 8 gives the 
information about the bins in the new color palette. 
The colors of bins and the pixel weight for each bin/ color is as shown in the table 9. 
The range of pixel weight is increased from (0 - 1) to (0.01 - 1000) as there is a 3rd order 
difference in the pixel count of blue and brown pixels. The pixel weights being so close 
and having huge difference in pixel counts results in blue pixels over shadowing the effect 
of brown pixels. The pixel weight varies from 1000 for the darkest brown pixel to 0.01 for 
the blue pixel in the new color palette. 
The pixel weight for the pixels with [hue, value] values in the region of [(0, 0), (0.18, 0.23)] 
are taken to be zero as they come under the dead region. Unlike second iteration, there is 
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range for dead region as there is a region formed around actual dead region (Hue=0, Value 
=0) due to the use of anti-aliasing filters for tackling moiré patterns. 
Color Code Hue Range V Range 
Color 
Code Hue Range V Range 
84 0.7-0.9999 0.5501-0.65 39 0.0001-0.18 0.3401-0.35 
81 0.7-0.9999 0.4001-0.55 36 0.0001-0.18 0.3301-0.34 
78 0.7-0.9999 0.3801-0.4 33 0.0001-0.18 0.3201-0.33 
75 0.7-0.9999 0.3601-0.38 30 0.0001-0.18 0.3101-0.32 
72 0.7-0.9999 0.3201-0.36 27 0.0001-0.18 0.3001-0.31 
69 0.7-0.9999 0.2501-0.32 24 0.0001-0.18 0.2901-0.3 
66 0.7-0.9999 0.001-0.25 21 0.0001-0.18 0.2801-0.29 
63 0.0001-0.18 0.5501-0.65 18 0.0001-0.18 0.2701-0.28 
60 0.0001-0.18 0.4501-0.55 15 0.0001-0.18 0.2601-0.27 
57 0.0001-0.18 0.4001-0.45 12 0.0001-0.18 0.2501-0.26 
54 0.0001-0.18 0.3901-0.4 9 0.0001-0.18 0.2401-0.25 
51 0.0001-0.18 0.3801-0.39 6 0.0001-0.18 0.2301-0.24 
48 0.0001-0.18 0.3701-0.38 3 0.0001-0.18 0.0001-0.23 
45 0.0001-0.18 0.3601-0.37 0 0 0 
42 0.0001-0.18 0.3501-0.36 90 everything else 
Table 8 Bins of the New Color Palette Based On the Hue and Value Components 
The color code represents the value component of the color representing a bin. The bin 
colors have the HSV values of (30, 50, color code), except for the dead region (0, 0, 0) and 
blue cell region (242, 92, 90). 
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Table 9 Bin Colors and Pixel Weights of the New Color Palette 
3.15.3.2 Moiré Patterns 
The patterns observed on the module image as seen in the fig 7 are called Moiré patterns. 
These patterns happen due to the phenomenon of Aliasing as discussed in the section 2.5. 
For easy understanding, the moiré patterns on the modules appear due to the presence of 
close alternative bright and dark patches on the module. The straight bright lines are the 
fingers of the module and the dark patches are the cell regions of the module. At the pixel 
level, the straight lines which are diagonally placed are represented by grid of horizontal 
and vertical pixels. The accumulation of these patterns gives rise to the moiré patterns as 
shown in the fig 47 [10]. 
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Figure 47 Moiré Patterns on a Very Densely Packed Diagonal Straight Lines [10]. 
The pixel level representation of moiré patterns and the effect of anti-aliasing filter is 
shown in the fig 48. 
 
The anti-aliasing filters develop intermediate colors in between the dark and bright lines to 
make the sudden contrast change as seen on the left segment of the fig 48 into a smooth 
transition of contrast as seen on the right segment of the fig 48. 
The effect of anti-aliasing filter can be seen on a bigger scale in the fig 49. 
Figure 48 Cause of Moiré Patterns and Effect of Anti-Aliasing Filters 
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Figure 49 Effect of Anti-Aliasing Filter on a Diagonal Bright Lines Placed on a Dark 
Background. 
There are many existing anti-aliasing filters (AA filters), MATLAB provides AA filters in 
the form of “imresize” function. The function is used to resize the image to a zoom in or 
out version of the image based on the two parameters [11]. The parameters are: 
1) Zoom out fraction 
2) Type of AA filter 
3.15.3.2.1 Zoom Out Fraction 
In the present study, zoom out fraction is the fraction of original image size to which the 
original image is resized. The range of zoom out fraction lies in the range of [0-1]. 
Fig 50-51 shows the effect of imresize function on the image size. 
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Figure 50 Zoomed Out Image Developed by Using Zoom Out Fraction Of 0.5 
 
Figure 51 Original Image 100% 
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The zoom out version as seen in the fig 50 is one-fourth in the size of the original image. 
The imresize function generates new pixels and uses various algorithms to find the new R, 
G, and B values for the final resized image pixels based on the R, G, and B values of the 
original pixels of the image. 
In short due to the development of new pixel data, the final image is losing 75 percent 
(zoom out fraction = 0.5) of the original data. Fig 52 shows the overlapping image of 100 
% image and 0.5 zoom out fraction image and it can be clearly seen that the 0.5 zoom out 
fraction image is one-fourth of the original image. Thus, losing 75% of the original pixel 
data. 
 
Figure 52 Comparison of Original and Zoomed Out Image. 
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3.15.3.2.2 AA Filter Type 
MATLAB has inbuilt AA filters when using ‘imresize’ function. The present study 
considered 5 different filters, Bi-cubic, Cubic, Bilinear, Lanczos2, and Lanczos3 [11]. 
The basic difference in between all the filters is the algorithm which is used to develop 
the new pixels. 
A visual study had been performed on 21 different module images, which looked for the 
best zoom out fraction with different filters. Fig 53-57 shows that 0.7 and 0.98 are the 
most preferred zoom out fractions observed when used with different filters. 
 
Figure 53 Cubic Filter with Different Zoom Out Fractions 
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Figure 54 Bi-Cubic Filter with Different Zoom Out Fractions 
 
Figure 55 Bilinear Filter with Different Zoom Out Fractions 
 
Figure 56 Lanczos2 Filter with Different Zoom Out Fractions 
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Figure 57 Lanczos3 Filter with Different Zoom Out Fractions 
The visual study showed that only two filters are unique in all of the 5 filters. The 
uniqueness is considered based on the calculated Browning index. Four of the five filters, 
bi-cubic, cubic, bilinear, and lanczos2 filters were giving the same browning index values. 
Whereas, Lanczos3 filter was giving unique browning index values. Thus, Bi-cubic and 
lanczos3 filters were considered for further iterations. 
Fig 58 shows a moiré pattern on a module, fig 59-60 shows the results of the imresize 
function with 0.7 – zoom out fraction and using bi-cubic and lanczos3 AA filters. 
 
 
Figure 58 Example Moiré Pattern 
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Figure 59 Result Of Using Imreize Function With 0.7 Zoom Out Fraction And Bi-Cubic 
Filter. 
 
Figure 60 Result Of Using Imreize Function With 0.7 Zoom Out Fraction And Lanczos3 
Filter. 
As observed from fig 58-60, moiré patterns are very much minimized when compared to 
the original image. 
3.15.3.3 Flow Chart for Tool Processing  
For the tool to incorporate the updates developed during the period of third iteration, the 
tool had been subjected to certain changes. The key changes being, inclusion of, 0.7, 0.98 
zoom out fraction, bi-cubic and lanczos3 – AA filters, HSI and HSV color models with the 
same color palette as seen in the table 8 and table 9 with the replacement of value 
component with intensity component for HSI color model. 
The steps in which the tool processes the image is as shown in the fig 61. 
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3.15.4 Fourth Iteration - Cell Level Browning Index Calculation 
Incorporating the observations from the results of the third iteration, the following 
changes had been made, 
1) Use of 24 MP DSLR camera. 
2) Use of wide lens (18 – 55 mm) and zoom lens (55 – 200 mm). 
Input Image 
0.7 Or 0.98 zoom out fraction 
Bi-cubic filter Lanczos3 filter 
HSI HSV HSI HSV 
Color Palette 
Pixel count 
Browning Index Calculation 
BI BI BI BI 
Cropped Module (only cells) 
Figure 61 Flow Chart of the Steps of Processing Image by the Tool in 3rd 
Iteration 
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3) Cell images instead of module images. 
4) Use of 0.98 – zoom out fraction only. 
5) Use of only lanczos3 AA filter. 
6) Use of only HSI color model. 
A higher resolution camera had been used in order to get higher amount of pixel data 
from the image. Different lens were used to depict the dependence of distance from the 
module while taking the image. Moiré patterns are minimized with the increase in 
resolution of the image as well as increase in the distance between fingers when viewed 
by the camera. From the results of third iteration, 0.98 zoom out fraction with lanczos3 
AA filter has been chosen in order not to lose a lot of original pixel data. The cell images 
were taken instead of module images as the worst performing cell of the module dictates 
the performance of the module [12]. Thus, calculated BI of the worst cells should 
correlate with the performance parameters of the modules. 
The worst cells where picked by visual inspection of the modules. 2 to 4 cells were 
picked as the worst cells of the module. The list of cells picked up for the cell level image 
analysis are shown in table 10. 
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Module ID Cell ID Cell ID Cell ID Cell ID 
4068 210 211 102  - 
4135 210 110 201  - 
4137 211 212 302  - 
4139 211 103 110  - 
4140 28 104 106  - 
4148 104 110 211 212 
4149 208 203 104  - 
4151 201 208 207 209 
4171 210 211  -  - 
4186 210 211  -  - 
4193 103 209 105  - 
4195 209 202  -  - 
4198 103 209 304  - 
4207 210 211  -  - 
4216 104 105 209  - 
5104 210 212 110  - 
5106 209 211 212  - 
5108 109 209 210  - 
5187 103 106 110 210 
5188 210 211  -  - 
5369 209 203  -  - 
Table 10 Cell ID of the Cells of Modules Picked Up For Processing Cell Level BI 
The nomenclature of the cell ID is as explained: (example: 210, 2 – Second row, 10 – 
tenth cell of the row) 
1) The module is placed such that the positive terminal of the junction box lies on 
the right side of the image. 
2) The first digit of the cell ID stands for the row number and is counted from top to 
bottom. 
3) The second and third digits of the cell ID in combination stands for Cell number, 
cell number is counted from left to right edge. 
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Fig 62 describes steps followed by the tool to process the image in the fourth iteration. 
The color palette for the fourth iteration is same as third iteration as seen in the table 8 
and table 9. 
 
 
Image Input 
Input locations of 4 corners of the cell 
0.98 – Zoom Out Fraction, Lanczos3 AA filter 
HSI Color Model 
Color Palette 
Pixel Count 
Browning Index Calculation 
BI 
Only Cell Region Image 
Figure 62 Flow Chart Depicting The Steps Followed By Tool In Fourth 
Iteration. 
 
56 
  
3.16 Reflectance Measurements 
Following results of fourth iteration, the drop in the calculated BI value for the water 
cleaned wet cell images is because of the increased contrast of the pixels due to water 
cleaning. Due to an increase in color contrast of the pixels, the darkest pixels fell in the 
dead region thus discounting them for the browning index calculation. In order to have 
accurate correlation in between RI and BI, a new color palette has to be developed such 
that none of the darker pixels falls in the dead region. 
The new color palette has been developed based on the hue component of the HSI color 
system only. A visual study on hue variation with the variation of pixels of the water 
cleaned wet cell images has been performed in order to find new hue ranges for the new 
bins. Table 17 shows the ranges associated with each bin. 
Color Code Hue Range 
0 0 - 2*10^(-11) 
6 2*10^(-11) - 2*10^(-9) 
12 2*10^(-9) - 0.002 
18 0.002 - 0.004 
24 0.004 - 0.006 
30 0.006 - 0.008 
36 0.008 - 0.01 
42 0.01 - 0.02 
48 0.02 - 0.03 
54 0.9999 - 0.965 
60 0.965 - 0.90 
66 0.90 - 0.80 
72 0.80 - 0.70 
78 0.03 - 0.1 
84 0.1 - 0.2 
90 Everything else 
Table 11 Bin Ranges for Reflectance Color Palette 
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Bin colors and the corresponding pixel weights are shown in table 12.  
 
Table 12 Color Palette, Pixel Weight, And Color Code Developed For Calculating BI 
Over The Reflectance Spots.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Color code 0 90 84 78 72 66 60 54
Pixel Weight 0 0.01 2 4 6 8 10 30
Color code 48 42 36 30 24 18 12 6
Pixel Weight 50 70 90 200 400 600 800 1000
Color palette
Color palette
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CHAPTER 4 
4 RESULTS AND DISCUSSION 
4.1 Iterations 
The results are discussed in the order of iterations performed. The results will discuss the 
correlations in between the performance parameters and the browning index calculated 
for the modules under consideration. 
4.2 First Iteration 
The first iteration deals with modules of different climates, 3 modules of Arizona and 3 
modules of Mexico. The browning index values calculated for the modules are as shown 
in table 11. As, the rated specifications of all the modules are not identical, the correlation 
is plotted with degradation (%) of performance parameters of the modules. 
 
Module 
ID 
Isc 
Degradation 
(%) 
FF 
Degradation 
(%) 
Power 
Degradation 
(%) 
Rs 
(Ohms) 
Browning 
Index Place 
M1 6.17 5.60 12.13 0.76 0.253 MX 
M2 7.39 22.17 29.05 2.86 0.624 MX 
M3 9.43 13.89 21.17 1.34 0.678 MX 
M4 7.94 32.28 37.89 2.50 0.364 AZ 
M5 9.46 25.78 33.09 2.89 0.451 AZ 
M6 7.74 23.57 28.60 1.96 0.322 AZ 
Table 13 Degradation (%) Of Performance Parameters and BI of AZ and MX Modules 
Fig 63 shows the correlation of performance parameters with the BI calculated for the 
modules of both climates. There is no proper correlation observed in between the 
parameters, as the degradation in Arizona is only due to encapsulant browning where as 
in Mexico the degradation is due to encapsulant browning and delamination. Thus, it is 
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appropriate to correlate the parameters by eliminating all modules with any other form of 
degradation other than encapsulant browning.  
 
Figure 63 Degradation (%) Of Performance Parameters versus BI for AZ & MX Module 
with Age In Between 6 – 25 Years. 
The climates are separately correlated, the degradation (%) of performance parameters of 
3 Arizona modules are correlated with the corresponding BI, the correlation is shown in 
fig 64. 
The similar procedure is applied to 3 Mexico modules and the correlation is shown in the 
fig 65. 
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Figure 64 Degradation (%) Of Performance Parameters versus Bi for Az Modules, Age – 
18 Years 
 
Figure 65 Degradation (%) Of Performance Parameters versus BI For MX Modules, Age 
– 6-25 Years 
As observed from fig 64-65, the correlation of browning index with Isc is high for 
Arizona climate and correlation of browning index with Isc is good enough for Mexico 
climate. 
Due to the presence of very less number of data points, the results are not strong enough 
to make a point. Thus, it is required to consider a bigger data set. 
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4.3 Second Iteration 
Following the results of first iteration, second iteration considers 21 modules of Arizona 
stressed in field for 18 years. This iteration uses same color palette as of first iteration. 
There are multiple images for each module, the browning index for every image of the 
same module is calculated and average of all the calculated browning indices is taken as 
the browning index for that module. 
The rated specifications for every module is the same. Thus, the correlation is plotted 
directly in between the measured performance parameters and calculated browning index. 
The measured performance parameters of the modules are as shown in table 5. 
The browning indices calculated for 21 Arizona modules using the tool developed is as 
shown in the table 12. 
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Module ID BI 
4068 0.567 
4135 0.178 
4137 0.158 
4139 0.257 
4140 0.279 
4148 0.116 
4149 0.308 
4151 0.407 
4171 0.373 
4186 0.285 
4193 0.373 
4195 0.362 
4198 0.367 
4207 0.185 
4216 0.410 
5104 0.507 
5106 0.422 
5108 0.491 
5187 0.429 
5188 0.440 
5369 0.309 
Table 14 Module Level Browning Index Calculated For 21 AZ Modules, Age – 18 Years  
As seen in the section 3.15.2, some of the 21 modules consists some other degradation 
other than encapsulant browning, such as high series resistance and encapsulant 
delamination (Mismatch error/ Step curves). 
The correlation plot in between the measured performance parameters and browning 
indices of 21 Arizona modules is as shown in the fig 66. 
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Figure 66 21 AZ Measured Performance Parameters versus BI, Age – 18 Years 
Fig 66 shows that there is no strong correlation between performance parameters and 
browning indices. The correlation is replotted with eliminating the modules with high 
series resistance as observed in table 6. The improved correlation is shown in the fig 67. 
 
Figure 67 Second Iteration – No High Rs Modules, 18 AZ Modules, Age - 18 Years 
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Fig 67 shows that the correlation of short circuit current (Isc) with browning index has 
been improved from 0.093 to 0.411. The correlation can be further improved by 
eliminating the modules with mismatch errors due to encapsulant delamination. 
The correlation is replotted eliminating modules with high series resistance (Rs) and 
Mismatch errors. The improved correlation plot is shown in the fig 68. 
 
Figure 68 Second Iteration – No High Rs and Mismatch Error Modules, 14 AZ Modules, 
Age – 18 Years 
Fig 68 shows that the correlation of short circuit current (Isc) with browning index has 
been improved from 0.411 to 0.535. The correlation can be further improved by 
eliminating the modules with issues with images and color palette which are seen as the 
outliers in fig 68. The outliers are picked manually. 
The improved correlation developed by eliminating the outliers is shown in the fig 69. 
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Figure 69 Second Iteration – No High Rs, Mismatch Error and Outlier Modules, 11 AZ 
Modules, Age – 18 Years 
After eliminating outlier data and modules with high series resistance and mismatch 
error. The correlation has been greatly improved from 0.535 to 0.818. 
During the course of second iteration, 2 major problems had been observed. 
1) Saturation of colors 
2) Moiré patterns 
In order to correlate the reflectance measurements with the browning index. The 
reflectance index should correlate with the browning index calculated for the same 
location. The points for reflectance measurements are randomly picked. The correlation 
of both the parameters is shown in the fig 70. 
The correlation factor (R2) of 0.008, which is observed in between reflectance index and 
browning index from fig 70, clearly shows that there is absolutely no correlation found in 
between the parameters. The absence of correlation is due to the presence of the problem 
– Saturation of colors in the processed image. 
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Figure 70 Second Iteration – Reflectance Index (RI) versus Browning Index (BI), Center 
and Edge Locations of Reflectance Measurement Have Been Considered 
4.4 Third Iteration 
The third iteration uses the same input image data as of third iteration.  
The maximum and average values of browning indices are calculated for 2 different color 
systems, 2 different filters for every module as shown in the table 13. 
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Table 15 Browning index data set for Third iteration, 21 AZ modules, age – 18 years 
The correlation plot in between the measured performance parameters and browning 
indices of 21 Arizona modules is as shown in the fig 71. 
Fig 72 depicts the change in correlation factor (R2) with the elimination of modules with 
high series resistance (Rs) modules. 
Module 
ID
Max.HSV
.Bicubic
Max.HSV
.Lanczos3
Max.HSI
.Bicubic
Max.HSI.
Lanczos3
Avg.HSV
.Bicubic
Avg.HSV
.Lanczos3
Avg.HSI
.Bicubic
Avg.HSI.
Lanczos3
4068 18.42 18.5 23.68 24.11 12.33 12.72 17.58 18.27
4135 35.58 32.9 36.01 33.27 29.3 27.29 30.53 28.32
4137 26.51 26.25 28.87 27.87 22.57 22.38 25.6 24.74
4139 24.76 25.17 28.31 30.11 19.11 20.72 25.82 27.33
4140 16.74 17.66 32.57 34.21 13.8 14.7 27.25 28.69
4148 11.72 12.07 14.52 14.5 5.54 5.75 6.65 6.88
4149 39.7 42.41 53.52 54.1 30.86 33.58 46.79 48.64
4151 33.85 39.04 64.28 67.64 18.14 20.03 32.5 35.86
4171 34.58 36.49 53.49 54.65 17.99 18.66 28.75 29.69
4186 35.97 36.41 41.77 41.95 32.13 32.47 36.36 36.53
4193 34.5 36.47 80.12 81.74 18.6 20.39 41.99 45.84
4195 69.87 68.08 78.21 73.52 36.89 39.17 58.74 60.05
4198 16.87 19.5 42.99 48.9 12.38 13.5 26.4 29.63
4207 27.83 27.59 32.52 31.47 25.25 24.85 25.47 24.59
4216 20.49 22.71 43.35 45.32 18.04 20.52 37.02 42.7
5104 29.27 32.46 59.71 63.19 19.64 21.16 43.42 46.36
5106 39.77 43.4 86.3 89.09 27.68 29.39 63.83 65.83
5108 33.34 39.73 87.75 92.39 16.33 17.8 36.65 40.59
5187 20.44 21.64 53.08 54.93 13.68 14.65 32.35 36.05
5188 22.67 24.21 38.35 40.59 12.26 12.58 19.3 19.89
5369 19.59 20.56 32.56 33.76 16.68 17.56 27.87 28.95
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Figure 71 Third Iteration – 21 AZ Modules Performance Parameters and Browning 
Index, Using AA Filters, HSI, and HSV Color Models 
 
Figure 72 Third Iteration – Correlation with No High Rs Modules, 18 AZ Modules,    
Age – 18 Years  
The correlation factor (R2) decreases from 0.131 to 0.017 with the removal of high series 
resistance modules. The correlation can be further improved with the removal of 
mismatch error modules. Fig 73 shows the improved correlation with the elimination of 
the modules with mismatch error. 
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Figure 73 Third Iteration – Correlation with No High Rs and Mismatch Error Modules, 
14 AZ Modules, Age - 18 Years 
As seen from fig 72-73, the correlation has been improved from 0.017 to 0.041. It has 
been observed that the poor correlation is due to the presence of outliers which are due to 
the imperfections in the tool and the collected images. The improved correlation with 
elimination of outliers from the fig 73 is shown in fig 74. 
 
Figure 74 Third Iteration – Correlation with No High Rs, Mismatch and Outlier Modules, 
11 AZ Modules, Age – 18 Years 
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As seen from the fig 74, it is clear that there is no strong correlation in between any of the 
parameters. The reason for no correlation is the use of zoom out fraction of 0.7, as 
discussed in section 3.15.3.2.1, there is loss of 51% of the pixel data which comes from a 
simple calculation of ratio of total number of pixels in zoom out fraction (0.7) image and 
the total number pixels in the original image. 51% losses of data implies the attempt to 
condense the 100% available data into 49% of the total number of pixels present with the 
use of various algorithms. 
Due to the presence of very low zoom out fraction, there is a large amount of purification 
of data to fit the whole data in 49% of the total number of pixels. Thus, there is a very 
huge impact on the calculation of browning index. 
The purification causes the correlation factor (R2) to go down but the best combination of 
filter and the color model will have the highest correlation among all the correlations. 
As seen from the fig 74, the lanczos3 filter with HSI color model and with the maximum 
browning index observed for each module has most accurately correlated with the 
performance parameter (Isc). 
4.5 Fourth iteration 
The tool has been developed to process the worst appearing cells of the modules. As there 
are multiple images of each cell and also multiple cells of a module, following the results 
of third iteration, maximum BI calculated from each cell is taken as the BI of that cell and 
maximum of all the maximum BI’s calculated for all the cells of the module is taken as 
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the maximum BI for the modules and average of all the maximum BI’s calculated for all 
the cells of the module is taken as the average BI for the modules. 
The analysis has been performed for images clicked by two different lens as discussed in 
section 3.15.4, along with images of the water cleaned wet cells. The BI values calculated 
from the fourth iteration is as shown in the table 14. 
Module 
ID 
Max – 
Wide 
Avg. - 
Wide 
Max - 
Zoom 
Avg. - 
Zoom 
Max - 
Clean 
Avg. - 
Clean 
4068 26.55 24.45 47.69 34.44 17.98 13.65 
4135 30.43 24.52 12.95 11.17 27.33 15.61 
4137 52.42 39.71 24.18 19.30 35.31 17.41 
4139 117.11 62.90 30.25 23.20 16.08 13.93 
4140 55.10 48.93 34.46 26.04 27.19 16.45 
4148 94.82 55.58 65.09 37.16 11.66 11.03 
4149 30.57 27.30 43.11 32.79 8.29 7.72 
4151 60.70 43.46 51.80 33.47 23.42 19.14 
4171 38.93 33.51 47.61 35.66 15.90 13.25 
4186 43.00 42.90 24.29 19.86 11.51 11.25 
4193 72.75 59.53 21.74 16.30 14.48 11.10 
4195 41.73 37.06 50.50 40.45 10.54 9.73 
4198 30.97 27.15 53.69 37.45 15.76 12.30 
4207 82.14 69.83 25.74 25.47 16.79 14.77 
4216 53.34 43.84 35.64 24.87 12.36 9.91 
5104 93.51 65.03 32.12 26.16 14.97 12.24 
5106 98.89 67.97 50.79 37.47 23.59 16.68 
5108 108.73 92.34 31.63 29.79 24.59 22.58 
5187 67.90 38.24 33.51 22.49 32.78 19.00 
5188 50.94 37.51 38.79 30.36 29.52 20.90 
5369 99.54 80.14 29.40 22.34 12.67 10.55 
Table 16 Fourth Iteration – Cell Level Browning Indices of 21 AZ Modules, Age – 18 
Years 
The correlation in between the performance parameters and browning indices are plotted 
and the results are as shown in the fig 75. 
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Fig 75 includes 21 modules of Arizona with some of the modules.  
As seen in fig 75, there is no good correlation observed in between the performance 
parameters and different forms of browning indices. The correlation can be improved by 
eliminating the high series modules from the plot. 
 
Figure 75 Fourth Iteration - 21 AZ Modules Performance Parameters and Cell Level 
Browning Index, Age – 18 Years 
 
Figure 76 Fourth Iteration - Correlation with No High Rs Modules, 18 AZ Modules, Age 
– 18 Years 
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Fig 76 shows the improved correlation after the removal of high series resistance 
modules. As seen from the plot, most of the combinations does not show any correlation 
except for the improved correlation from 0.001 to 0.290 for the clean cell – avg. BI with 
the Isc.  
The correlation has been further improved by eliminating mismatch modules from the 
correlation plot. The results are shown in the fig 77. 
 
Figure 77 Fourth Iteration - Correlation with No High Rs and Mismatch Modules, 14 AZ 
Modules, Age – 18 Years 
From fig 77, the correlation improved from 0.290 to 0.294 after eliminating mismatch 
modules. The correlation has been further improved by eliminating the outliers from the 
correlation plot. The results are shown in the fig 78. 
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Figure 78 Fourth Iteration - Correlation with No High Rs, Mismatch, and Outlier 
Modules, 11 AZ Modules, Age – 18 Years 
Fig 78 clearly shows the presence of very high correlation in between the Isc and clean 
cell – avg. browning indices. The correlation has been improved from 0.294 to 0.928. 
The absence of correlation with the browning indices of the wide and zoom lens images 
(Dry) as compared to water clean wet cell images (Wet) is due to the presence of a 
whitish layer on the glass surface of the module which effects the processing of the image 
and is shown in the fig 79. Fig 79 shows dry and wet images of the same cell on the left 
and the final processed images on the right, clearly showing the effect of the whitish layer 
on the glass. The whitish layer is due to the increased surface roughness of the glass. 
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Figure 79 Dry and Wet Cell Images and Processed Images 
4.6 Reflectance measurements and performance parameters 
The reflectance can be correlated based on the local browning index calculated on the 
same spot as of the reflectance measurements. The reflectance indices were calculated 
using all the methods presented in Appendix B. The maximum and average of the all the 
reflectance indices calculated at the cell centers of a module are taken as the maximum 
and average reflectance indices for that module. The measurements for the modules are 
shown in table 15. 
The reflectance measurements were taken on each and every cell of all 21 modules at two 
different locations, cell center and cell edge as shown in the fig 80. 
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Table 17 Reflectance Indices of 21 AZ Modules Using 5 Different Methods 
Module 
ID
Max. Max 
slope
Max. Fixed 
slope
Max. 
Max 
point
Max. 
fixed 
point
Max. 
601-
700
Avg. Max 
slope
Avg.Fixed 
slope
Avg. 
Max 
point
Avg. 
fixed 
point
Avg.  
601-
700
4068 0.0000238 0.0000296 0.0715 0.0710 0.0643 -0.0000125 -0.0000078 0.0591 0.0581 0.0564
4135 0.0000082 0.0000192 0.0692 0.0660 0.0494 -0.0000433 -0.0000319 0.0527 0.0502 0.0433
4137 -0.0000137 -0.0000055 0.0736 0.0715 0.0516 -0.0000565 -0.0000463 0.0556 0.0533 0.0432
4139 0.0000064 0.0000083 0.0743 0.0737 0.0525 -0.0000169 -0.0000149 0.0527 0.0522 0.0487
4140 0.0000090 0.0000197 0.0674 0.0656 0.0647 -0.0000215 -0.0000122 0.0515 0.0495 0.0471
4148 -0.0000049 0.0000038 0.0623 0.0612 0.0481 -0.0000463 -0.0000392 0.0532 0.0517 0.0430
4149 0.0000202 0.0000289 0.0763 0.0758 0.0550 -0.0000228 -0.0000182 0.0527 0.0517 0.0477
4151 0.0000199 0.0000281 0.0577 0.0568 0.0520 -0.0000008 0.0000056 0.0468 0.0454 0.0469
4171 0.0000115 0.0000151 0.0586 0.0567 0.0478 -0.0000234 -0.0000166 0.0478 0.0464 0.0429
4186 0.0000281 0.0000389 0.0638 0.0617 0.0541 -0.0000158 -0.0000052 0.0500 0.0476 0.0463
4193 0.0000385 0.0000422 0.0455 0.0455 0.0480 0.0000211 0.0000254 0.0402 0.0393 0.0457
4195 0.0000107 0.0000154 0.0613 0.0596 0.0511 -0.0000124 -0.0000052 0.0482 0.0466 0.0457
4198 0.0000273 0.0000328 0.0596 0.0591 0.0532 -0.0000003 0.0000036 0.0477 0.0469 0.0482
4207 0.0000076 0.0000142 0.0684 0.0675 0.0493 -0.0000372 -0.0000312 0.0514 0.0501 0.0433
4216 0.0000412 0.0000467 0.0563 0.0553 0.0489 0.0000101 0.0000160 0.0410 0.0397 0.0441
5104 0.0000345 0.0000396 0.0517 0.0503 0.0515 0.0000175 0.0000222 0.0431 0.0421 0.0477
5106 0.0000405 0.0000519 0.0430 0.0428 0.0515 0.0000305 0.0000369 0.0391 0.0377 0.0468
5108 0.0000651 0.0000747 0.0503 0.0486 0.0573 0.0000457 0.0000548 0.0407 0.0388 0.0518
5187 0.0000363 0.0000471 0.0480 0.0464 0.0485 0.0000167 0.0000270 0.0402 0.0379 0.0447
5188 0.0000258 0.0000307 0.0546 0.0536 0.0489 -0.0000003 0.0000075 0.0433 0.0416 0.0437
5369 0.0000084 0.0000143 0.0635 0.0629 0.0556 -0.0000250 -0.0000175 0.0540 0.0524 0.0489
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Figure 80 Reflectance Points on the Cell 
The correlation of the reflectance indices and performance parameters of the modules is 
shown in fig 81, the plot includes the modules with high series resistance and mismatch 
error modules. 
 
 
Figure 81 Reflectance Index and Performance Parameters of 21 AZ Modules (Center 
Cell) 
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From fig 81, there is no proper correlation observed in between the RI and performance 
parameters. 
 
Figure 82 RI And Performance Parameters with No High Rs Modules (Cell Center), 18 
AZ Modules, Age – 18 Years 
From fig 82, it has been observed that eliminating high series resistance modules slightly 
increased the correlation of RI with Isc of the modules. The correlation had been further 
improved by eliminating the mismatch modules. The results are shown in fig 83. 
 
Figure 83 RI And Performance Parameters with No High Rs and Mismatch Modules, 14 
AZ Modules, Age – 18 Years 
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From fig 83, it has been observed that the correlation of RI with the Isc has slightly 
improved. The result can be further improved by eliminating the outliers from the 
correlation. The result is shown in the fig 84. 
 
Figure 84 RI and Performance Parameters with No High Rs, Mismatch and Outlier 
Modules, 11 AZ Modules, Age – 18 Years 
The outliers are picked by manual visual inspection of the data points on the correlation 
plot. 
From fig 84, there is a decent correlation in between the Isc of modules and the 
reflectance indices developed using various methods. Out of the 5 methods studied, 
except RI calculated by 601-700 nm method, all other RI calculated from slope and point 
methods have decently correlated with the Isc. The average RI have correlated more than 
the maximum RI. The best correlation is observed to be with the average RI calculated 
using the fixed slope method. 
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4.7 Reflectance Index and Browning Index 
The reflectance index and browning index are correlated with 40 random reflectance 
points picked from all of the 21 modules. The reflectance index calculated using all five 
methods and browning index calculated at each point are as shown in the table 16. 
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Table 18 Reflectance Index Using 5 Methods and Browning Index at Same Points as of 
Reflectance. 
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Figure 85 Reflectance Index and Browning Index, 40 Random Spots Picked Up From 
Cell Center and Edge Locations Of The Cell Of 21 AZ Modules. 
 
Figure 86 Reflectance Index and Browning Index, 29 Random Spots Picked Up From 
Cell Center of the Cells of 21 AZ Modules 
From fig 85, it has been observed that there is a decent correlation in between the 
reflectance index calculated by 4 different methods and browning index at the randomly 
picked points. There is no correlation observed in between BI and RI calculated using 
601-700 nm method. 
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From fig 86, it has been observed that only considering the dark brown regions of the 
cells (cell centers) will not result in a good linear correlation in between RI and BI 
because of the absence of optimum color palette. The correlation can be improved by 
having high number of bins in the color palette. It can be observed that the trend in both 
the fig 85-86 are the same for the respective methods. 
All correlations in between the different RI calculated using the slope and point methods 
and the BI were found to have nearly the same correlation factor (R2). The factor is in the 
range of 0.598 – 0.628. The best correlation of 0.628 was found in between the RI 
calculated using the maximum slope method and the calculated maximum BI for all 40 
locations. 
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CHAPTER 5 
5 CONCLUSION AND RECOMMENDATIONS 
The two most important finding of the present study is as shown in the fig 87-88. 
 
Figure 87 Performance Vs BI, BI Calculated Using Complete Module Image, 11 AZ 
Modules with Only Encapsulant Browning Degradation, Age - 18 Years 
 
Figure 88 Performance Vs BI, BI Calculated Using Wort Cell Image of the Module, 11 
AZ Modules with Only Encapsulant Browning Degradation, Age - 18 Years 
Fig 87-88 shows the most important findings of the project, there has been a strong 
observation of presence of a correlation in between BI and performance parameters. BI 
calculated using the module images are having a linear correlation factor of 0.818, 
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whereas the BI calculated using the worst cell images of the modules has an improved 
linear correlation factor of 0.928. 
In this project, a tool has been developed which can: 
1) Remove human subjectivity out of detection of degradations on PV modules 
2) Quantify browning level in the module 
3) Reduce the field inspection time in detection of encapsulant browning 
degradation 
4) Reduce the work force required for inspection  
The present study has been divided into two segments, tool development and iterations 
for correlation with performance parameter (Isc). 
Tool Development: 
The modules used for this project are having white frame and white back sheet. Thus, the 
tool developed is for the same type of modules. The code can be tweaked so that it works 
on all types of modules. 
The tool consists of two segments, development of cell only module image and browning 
quantification. 
1) Development of cell-only-module image processing: 
The tool can take an image clicked by any type of camera as input and based on two input 
parameters of module detection factor (MDF) and relative size factor (RSF) accurately 
detect the modules in the image. 
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Cell isolation factor which experimental fixed at 150 removes all the metallization and 
frame of the module to develop a cell only module image for the browning analysis. 
The tool works on the condition that the module/ cell under consideration is completely 
inside the image boundaries with a bit of its surroundings on all sides of the module/ cell. 
2) Browning quantification: 
The most important parameters of the tool which are related to browning level detection 
and quantification are color palette and pixel weights. 
The color palette can be developed based on any color model/ system, but works best 
with HSI/ HSV color systems. 
Iterations for correlation with performance parameter (Isc): 
First iteration: 
Modules from different climatic conditions should be correlated separately. The results 
are climate specific. The results doesn’t correlate, if only some modules have bleaching.  
Second Iteration: 
Presence of degradation which majorly affect Isc such as high series resistance, mismatch 
errors (encapsulant delamination) will cause the Isc not to correlate with BI. Two major 
problems with image processing are as follows: 
a) Saturation of colors – Can be tackled with improved color palette with more colors. 
b) Moiré patterns – Use of anti-aliasing filters can minimize the moiré patterns. 
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Third Iteration: 
Browning on a cell can be clearly distinguished following the hue component and can be 
divided into 2 segments: 
 Dark brown region: hue component in the range of (0, 0.18] 
 Slight brown region: hue component in the range of [0.7, 0.9999] 
The value component depicts the intensity of browning in a region and it has the range in 
between (0, 0.65]. The lower the value component the higher the browning. 
Bi-cubic and Lanczos3 AA filters with a zoom out factor of 0.7 (or 0.98) are visually 
most accurately minimizing the moiré patterns on the images. Zoom out factor should be 
as close to 1 to avoid excess dilution of the original pixel data. BI calculated using 
Lanczos3 AA filter with HSI color model correlates the best with Isc. 
Fourth Iteration: 
The tool works the best with water cleaned wet cell images, with a strong linear 
correlation of 0.928 in between Isc and average cell level BI calculated for each module. 
Dry cell images cannot be used for BI calculation due to the presence of white patches on 
the glass surface, which is due to the developed surface roughness over the years. 
In conclusion, for module level (fig 21) BI analysis, the issues of moiré patterns, glare 
and reduction in the contrast of the colors of the module majorly affects the calculated BI. 
For cell level (fig 42) BI analysis, for dry cell analysis the issue of whitish layer on the 
glass surface due to increased surface roughness was the major issue affecting the 
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calculated BI; for wet cell analysis the issue of blurriness of the cell due to presence a 
thin water layer on the cell was the major issue affecting the calculated BI. The cell level 
BI analysis has higher correlation with Isc as compared to module level BI analysis, but 
due to the easy applicability of module level BI analysis, it would be best for the industry. 
Reflectance Measurements: 
Slope and point methods have been developed for calculating reflectance index, and RI 
has some satisfactory correlation with BI and Isc (performance parameter) though it still 
requires a significant improvement for an acceptable correlation. 
Recommendations for further work: 
 The present study has been performed using increasing pixel weight for 
increasing browning intensities, it is suggested to perform the same analysis 
using decreasing pixel weight for increasing browning intensities. As, the 
performance of the module is due to the non-brown region of the cells. 
 Use of image mining technique for developing an accurate color palette and pixel 
weights based upon the input of a huge data set. 
 Developing a better image capture mechanism for an image with uniform 
illumination, no glare, and no moiré patterns. 
 Develop two different colors palettes for accurate correlation of BI and Isc, and 
BI and RI. 
 Application of the developed tool to a power plant and developing the program 
based on the results. 
89 
  
REFERENCES 
 
[1]  NREL, "Development of a Visual Inspection Data Collection Tool for Evaluation 
of Fielded PV Module Condition," NREL, Denver, 2012. 
[2]  C. Honsberg and S. Bowden, "Module Materials," PVEDUCATION.ORG, 03 
March 2013. [Online]. Available: 
http://pveducation.org/pvcdrom/modules/module-materials. [Accessed 5 July 
2016]. 
[3]  D. Wu, "Investigation of the reliability of the encapsulation system of photovoltaic 
modules," © Dan Wu, Leicestershire, 2015. 
[4]  J. H. Wohlgemuth, M. D. Kempe and D. C. Miller, "Discoloration of PV 
Encapsulants," in IEEE Photovoltaic Specialists Conference, Tampa, 2013.  
[5]  A. Goetzber and V. U. Hoffmann, "Efficiency and Performance of PV Systems," in 
Photovoltaic Solar Energy Generation, New York, Springer, 2005, pp. 147-161. 
[6]  N. A. Ibraheem, M. M. Hasan, R. Z. Khan and P. K. Mishra, "Understanding Color 
Models: A Review," ARPN Journal of Science and Technology, vol. 2, no. 3, pp. 
265-275, 2012.  
[7]  R. C. Gonzalez, R. E. Woods and S. L. Eddins, Digital Image Processing using 
MATLAB, New Jersey: Pearson Education, Inc., 2004.  
[8]  R. C. Gonzalez and R. E. Woods, Digital Image Processing, New Jersey: Prentice-
Hall, Inc., 2002.  
[9]  S. Boppana, V. Rajasekar and G. TamizhMani, "Working towards the development 
of a standardized artificial soiling method," in Photovoltaic Specialist Conference 
(PVSC), 2015 IEEE 42nd, Los Angeles, 2015.  
[10]  J. Coffin, "what is moiré how can we avoid it," stackexchange, 10 May 2011. 
[Online]. Available: http://photo.stackexchange.com/questions/11909/what-is-
moir%C3%A9-how-can-we-avoid-it/11916#11916. [Accessed 05 July 2016]. 
[11]  Mathworks, "Imresize," MathWorks, [Online]. Available: 
http://www.mathworks.com/help/images/ref/imresize.html. [Accessed 05 july 
2016]. 
90 
  
[12]  C. Honsberg and S. Bowden, "Degradation and Failure Modes," 
PVEDUCATION.ORG, 28 March 2013. [Online]. Available: 
http://www.pveducation.org/pvcdrom/modules/degradation-and-failure-modes. 
[Accessed 05 July 2016]. 
[13]  P. image, "srv1.portal.p-cd," [Online]. Available: http://srv1.portal.p-
cd.net/850p/legacy/article/a90c774d03972083747a2351282ab534e1197922d585e5
e6f6521d81ae539d12.png. 
[14]  M. Maraqa, F. Al-Zboun, M. Dhyabat and R. A. Zitar, "Recognition of Arabic Sign 
Language (ArSL) Using Recurrent Neural Networks," Journal of Intelligent 
Learning Systems and Applications, vol. 4, no. 1, pp. 41-52, 2012.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
91 
  
APPENDIX A 
PERFORMANCE PARAMETER PRIMARILY EXPECTED TO BE AFFECTED BY 
EACH DEFECT 
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(VI=Visual, IV=I-V curve; IR=IR image; CC=Circuit Continuity; UV=UV fluorescence) 
Yes (Y) = Affected; Yes/No (Y/N) = May be affected 
Defect 
# Defect – Performance Defect 
Detection 
Method: 
VI/IV/IR/CC 
Parameter 
Affected: 
Isc 
Parameter 
Affected: 
Voc 
Parameter 
Affected: 
FF 
1 Front glass lightly soiled VI Y   
2 Front glass heavily soiled VI Y   
3 Front glass crazing VI Y   
4 Front glass chip VI Y/N   
5 Front glass milky discoloration VI Y   
6 Rear glass crazing VI   Y/N 
7 Rear glass chipped VI Y/N   
8 Edge seal delamination VI   Y 
9 Edge seal moisture penetration VI   Y 
10 Edge seal discoloration VI   Y/N 
11 Edge seal squeezed / pinched out VI   Y/N 
12 Frame bent VI Y/N   
13 Frame discoloration VI   Y/N 
14 Frame adhesive degraded VI   Y/N 
15 Frame adhesive oozed out VI   Y/N 
16 Frame adhesive missing in areas VI   Y/N 
17 Bypass diode short circuit 
(Equipment needed) 
IV/IR/CC  Y Y 
18 Junction box lid loose VI   Y/N 
19 Junction box lid crack VI   Y/N 
20 Junction box warped VI   Y/N 
21 Junction box weathered VI   Y/N 
22 Junction box adhesive loose VI   Y/N 
23 Junction box adhesive fell off VI   Y/N 
24 Junction box wire attachments loose VI   Y 
25 Junction box wire attachments fell off VI Y/N Y/N Y/N 
26 Junction box wire attachments arced VI Y/N Y/N Y/N 
27 Wires corroded VI   Y/N 
28 Back sheet wavy VI Y/N  Y/N 
29 Back sheet discoloration VI Y/N   
30 Back sheet bubble VI Y/N  Y/N 
31 Gridline discoloration VI Y/N  Y 
32 Gridline blossoming VI Y/N  Y 
33 Bus bar discoloration VI Y/N  Y 
34 Bus bar corrosion VI Y/N  Y 
93 
  
35 Bus bar burn marks VI Y/N Y Y 
36 Bus bar misaligned VI   Y 
37 Cell Interconnect ribbon discoloration VI Y/N  Y 
38 Cell Interconnect ribbon corrosion VI Y/N  Y 
39 Cell Interconnect ribbon burn mark VI Y/N Y Y 
40 Cell Interconnect ribbon break VI Y Y Y 
41 String Interconnect discoloration VI Y/N  Y 
42 String Interconnect corrosion VI Y/N  Y 
43 String Interconnect burn mark VI Y/N Y Y 
44 String Interconnect break VI Y Y Y 
45 Cell discoloration VI Y/N  Y 
46 Cell burn Mark VI  Y/N Y 
47 Cell chipping/crack VI Y/N Y/N  
48 Cell moisture penetration VI Y/N Y/N Y 
49 Cell worm mark (Snail Tracks) VI Y Y Y 
50 Cell foreign particle embedded VI Y/N   
51 Interconnect discoloration VI Y/N  Y 
52 Solder bond Fatigue / Failure 
(Equipment needed) 
IV/IR   Y 
53 Hotspot less than 20˚C  (Equipment 
needed) 
IR   Y 
54 Encapsulant delamination over the 
cell 
VI/UV Y Y Y 
55  Encapsulant delamination under the 
cell 
VI   Y 
56 Encapsulant delamination over the 
junction box 
VI Y Y Y 
57 Encapsulant delamination near  
interconnect or fingers 
VI Y  Y 
58 Encapsulant discoloration 
(yellowing/browning)  
VI Y   
59 Thin Film Module Discoloration VI Y/N  Y 
60 Thin Film Module Delamination - 
Absorber/TCO layer 
VI Y Y Y 
61 Thin Film Module Delamination - AR 
coating 
VI Y   
62 Module mismatch  VI Y   
Defect - Safety Failures 
63 Front glass crack VI Y Y Y 
64 Front glass shattered VI Y Y Y 
65 Rear glass crack VI Y Y Y 
66 Rear glass shattered VI Y Y Y 
67 Frame grounding severe corrosion VI   N 
68 Frame grounding minor corrosion VI   N 
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69 Frame major corrosion VI   N 
70 Frame joint separation VI   N 
71 Frame cracking VI Y/N  N 
72 Bypass diode open circuit (Equipment 
needed) 
IR/CC Y/N  Y/N 
73 Junction box crack VI Y/N  Y 
74 Junction box burn VI Y/N  Y 
75 Junction box loose VI Y/N  Y 
76 Junction box lid fell off VI Y/N  Y 
77 Wires insulation cracked / 
disintegrated 
VI   Y 
78 Wires burnt VI Y/N  Y 
79 Wires animal bites / marks VI   Y 
80 Back sheet peeling  VI Y Y Y 
81 Back sheet delamination VI Y Y Y 
82 Back sheet burn mark VI Y Y Y 
83 Back sheet crack /cut under cell VI   Y 
84 Back sheet crack /cut between cells VI   Y 
85 String Interconnect arc tracks VI Y/N  Y 
86 Hotspot over 20˚C  (Equipment 
needed) 
IR Y Y Y 
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APPENDIX B 
REFLECTANCE INDEX MEASUREMENT METHODS 
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601-700 nm Method 
The reflectance index (RI) is equal to average of reflectance values corresponding to all 
the spectral wave lengths in the region of 601 – 700 nm in the reflectance graph and is 
calculated using equation 1. 

700nm601
eReflectancRI …...…….……………………………………………....Eq. 1 
 
601-700 nm Method for Reflectance Index Calculation 
Max Slope Method 
The reflectance index (RI) is equal to slope of the line formed by joining the 2 points on 
the reflectance graph. RI is calculated using equation 2. 
The points on the graph are as follows: 
Point 1: (400, Max. reflectance in between 390-410 nm) 
Point 2: (620, Average reflectance in between 600-640 nm) 
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Slope Method 
 
Fixed Slope Method 
The reflectance index (RI) is equal to slope of the line formed by joining the 2 points on 
the reflectance graph. RI is calculated using equation 3. 
The points on the graph are as follows: 
Point 1: (400, Reflectance at 400 nm) 
Point 2: (620, Reflectance at 620 nm) 
400620
eReflectanceReflectanc
RI
400nm620nm
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
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
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








 ………...…………………………….Eq. 3 
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Max Point Method 
The reflectance index (RI) is equal to maximum reflectance value measured in between the 
measured spectral wave lengths of 390 – 410 nm on the reflectance graph. RI is calculated 
using equation 4. 
The points on the graph are as follows: 
Point 1: (400, Max. reflectance in between 390-410 nm) 
410nm390
tance)Max(ReflecRI


……......………………………………..……….Eq. 4 
 
Point Method 
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Fixed Point Method 
The reflectance index (RI) is equal to reflectance value measured at the spectral wave 
length of 400 nm on the reflectance graph. RI is calculated using equation 5. 
The points on the graph are as follows: 
Point 1: (400, Reflectance at 400 nm) 
400nm
eReflectancRI 
…….………………….…..….……………………………..Eq. 5 
 
 
 
 
 
 
 
 
 
 
 
 
100 
  
APPENDIX C 
STANDARD OPERATING PROCEDURE FOR MATLAB TOOL 
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Step 1: Open the Encapsulant Browning Tool folder pasted on the Desktop. 
 
Step 2: Check if the folder has all the Iteration and support files 
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Step 3: Open the folder containing the images to be processed. 
 
Step 4: Copy the location of the image by right clicking and selecting properties. 
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Step 5: Open the Iteration tool, Paste the location of the image in the brackets of the first 
statement on line 1, Input MDF, RSF, and run the code. 
 
Step 6: Check for the Browning Index result in the command window 
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Step 7: For the visual representation of the browning distribution on module refer to the 
image in the figure generated by the program. 
 
